Objective: LYVE-1+ macrophages are observed in a range of cancers, where they play a role in tumour lymphangiogenesis. In rheumatoid arthritis (RA), lymphangiogenesis increases in the early stage of the disease and decreases as it progresses, potentially exacerbating inflammatory cell persistence. We investigated whether LYVE-1+ macrophages were present in RA synovium. Methods: Synovial tissue from RA patients was obtained at joint replacement surgery and immunohistochemistry was performed to visualise LYVE-1+ and CD68+ cells. Results: LYVE-1+ macrophages were present in rheumatoid synovial tissue, the first observation of this kind. Conclusion: Despite the reduction in lymphangiogenesis in chronic RA, LYVE-1 positive macrophages are present and there is a potential role for macrophages in the generation of lymphatic vessels.
Introduction
The aim of the current study was to examine if macrophages expressing the lymphatic endothelial cell specific hyaluronan receptor LYVE-1 (LYVE-1 positive macrophages) existed in the RA synovium as their presence would indicate macrophage differentiation into lymphatic endothelial cell progenitors (LECPs) and the potential for further lymphatic vessel formation. It is accepted that macrophages are among a range of inflammatory cells which support the progression of metastatic cancers via angiogenesis and more recently the generation of new lymphatic vessels. Further to this, a number of studies have observed macrophages which are positive for LYVE-1 in cancers [1] with further evidence of activated macrophages as being LYVE-1 positive [2] . The LYVE-1+ status has previously been stated as indicating macrophage differentiation into macrophage-derived LECPs [2] . It has been shown that increases in the density of lymphatic vessels are associated with inflammatory diseases such as rheumatoid arthritis (RA) [3] . The accepted evidence reveals that lymphatic vessels form in response to disease states primarily by sprouting from existing lymphatic vessels (lymphangiogenesis), or via lymphvasculogenesis, the formation of vessels from lymphatic progenitor cells [2] . It has been shown that lymphatic vessel formation increases in early RA [4] and should act as a compensatory mechanism for the removal of the interstitial fluid containing the invading lymphocytes and pro-inflammatory chemokines and cytokines [5] . However, it has also been shown that despite an increase in lymphatic flow during the acute phase of arthritic inflammation, there is a decrease in lymphatic flow as new lymphatic vessels form during the chronic phase [6] . This had also been seen in the human TNF transgenic mouse (hTNFtf) model where lymphatic vessels increased in number through the initial stages of inflammation but underwent no further significant increases as synovitis progressed [7] . This would lead to reduction in removal of the ever increasing joint interstitial fluid. This is further exacerbated by the reduction in muscular contractions around the damaged joint that would normally encourage flow through the lymph vessels.
Materials and Methods

Ethics
Ethical approval was obtained from the Birmingham and Solihull Research Ethics Committee (reference 11/ WM/0035) and patients provided written informed consent.
Synovial Tissue Samples
RA synovial tissue was obtained from patients who were undergoing joint replacement surgery and fulfilled the American College of Rheumatology (ACR) criteria for RA (n = 8). Patients had the mean age of 66 years and a mean disease duration of 23 years at the time of surgery and were in the chronic stage of disease ( Table 1) . Non-RA control tissue from knee joints (n = 6) was obtained by needle biopsy during outpatient exploratory procedures where arthritis had been excluded as a diagnosis ( Table 2) .
RA tissue samples were taken from the suprapatellar pouch and the medial gutter of the knee and placed in Hank's Balanced Salt Solution (HBSS) for transport to the laboratory. All tissue samples were snap frozen in iso-pentane (cooled in liquid nitrogen) and then stored in liquid nitrogen. 5 -6 μm thick serial cryostat sections of the tissue were cut then dried at room temperature before being stored at −80˚C. 
Double Immunofluorescent Labelling of Tissues
Sections were stained as previously described [8] . Briefly, sections were blocked for 30 minutes with 10% donkey serum (Invitrogen, Paisley, UK) and 0.3% triton-X in phosphate buffered saline (PBS) (both Invitrogen) and were then washed for 5 minutes in PBS. Following this, the sections were incubated for 1 hour at room temperature with the primary goat anti-human LYVE-1 antibody, 2 μg/mL (R & D Systems, Oxfordshire, UK) and mouse anti-human CD68 (2 μg/mL) (Dako, Cambridgeshire, UK) in the dilution buffer consisting of 1% donkey serum and 0.3% triton X in PBS (all Invitrogen). Following incubation sections were washed three times for five minutes in PBS. The secondary antibody solution of donkey anti-goat alexafluor 594 at 6.6 μg/mL or donkey anti-mouse alexafluor 594 IgG at 6.6 μg/mL and donkey anti-goat alexafluor 488 at 3.3 μg/mL (all from Invitrogen) was prepared with the dilution buffer described previously and incubated for 45 minutes at room temperature before being washed three times for five minutes in PBS and counterstained with DAPI for three minutes. The sections were mounted with Hydromount (Fisher Scientific), visualised with a light microscope (Olympus IX51) and analyses performed with Cell^F software. Negative controls were performed throughout using isotype matched Igs instead of primary antibodies.
Results
LYVE-1 positive infiltrate cells were observed in each of the RA tissue samples tested. A number of them are shown in Figure 1 (a). They were scattered throughout the tissue sections showing no specific localisation with LYVE-1 positive lymphatic vessels. RA Tissue samples were double labelled with LYVE-1 and CD68 and in each case co-localisation of the two markers was observed throughout the tissue (Figures 1(c)-(g) ). Negative controls showed no background staining Minimal LYVE-1 positive infiltrates were also observed in non-RA control tissue (Figure 1(i) ). Where present, these infiltrates were weakly stained and sparsely distributed compared to the RA tissue.
Discussion
Macrophages are well known pro-angiogenic cells which not only release a range of pro-angiogenic molecules but also undergo "transdifferentiation" into blood endothelial cell (BEC) progenitors [9] . Monocytic/macrophage lineage cells have also been identified as the primary source of LECPs [10] and the presence of LECPs has been noted in a wide range of tumours where they play a role in tumour lymphangiogenesis [11] . Further to this, various studies now exist which show associations between macrophage populations and lymphatic vessel density and so support a role for macrophages as lymphangiogenic factors in cancers [12] . Furthermore, associations between CD68+ macrophage populations and metastatic lymph node cancers have also been observed [13] . Experiments to establish the localisation of transplanted LECPs have shown that they are rapidly integrated into lymphatic vessels [11] but that there is a low incorporation frequency of them into new vessels of between 2% -5% [14] , although one peritonitis model study reported a 50% incorporation of LECPs [15] . However, some of these studies have also shown that LECPs may be play a vital role in both the initiation of vessel formation and the maintenance of these vessels as they are present for a minimum of six months in the tissue under investigation [16] . In RA, lymphangiogenesis decreases as the disease progresses. This may greatly exacerbate the persistence of inflammatory cells. The observations in this study indicate that despite the reduction in lymphangiogenesis at the end stage of the disease, there may be potential for lymphatic vessel development via these LYVE-1 lymphatic progenitors. However, the lack of lymphangiogenesis in late stage RA indicates that these progenitors may not be organised into the physical formation of new lymphatic vessels, nor contribute to pre-existing lymphatic vessels. Further studies are required to explore their role in RA and their potential to augment the lymphatic vasculature.
